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MODE COUPLING DEVICES WITH 
COMPLEX SPECTRAL PROFILE 

Field of the Invention 

The invention relates to optical systems and devices and, in particular to optical 
systems and devices employing long period gratings providing spectral filtering. 

Background of the Invention 

Optical fibers are capable of transmitting an optical signal containing a large 
amount of information over long distances with very low loss. An optical fiber is a small 
diameter waveguide characterized by a core with a first index of refiraction surrounded by a 
cladding having a second (lower) index of refraction. Light rays which impinge upon the core 
at an angle less than a critical acceptance angle undergo total intemal reflection within the fiber 
core. These rays are guided along the axis of the fiber with minimum attenuation. Typical 
optical fibers are made of high purity silica with minor concentration of dopants to control the 
index of refraction. 

Although optical fiber is capable of transmitting optical signals over long 
distances with very low loss, the size and complexity of modem telecommunication network 
necessitates amplification of the signal within the fiber to maintain signal accuracy and 
transmission efficiency. In a typical telecommunications network, light of approximately 1550 
nanometers (nm) is transmitted along the guided wave portion of a waveguide, typically an 
optical fiber. 

Due to attenuation of the light signal along the length of the optical fiber, it is 
necessary to reinforce or amplify this signal at given intervals along the fiber. Optical fiber 
amplifiers such as erbium-doped fiber amplifiers are used to intensify the optical signal that 
is attenuated along the fiber optic communication path. These optical fiber amplifiers have 
replaced cumbersome electrical repeaters in fiber optic communication links. ^ 

In a typical case, a section of an optical fiber is doped with ions of rare-earth 
elements such as, for example, erbixmi. The energy structure of the erbium ion is such that the 
signal light with wavelength of approximately 1530-1565 nm can be ampUfied in the fiber if 
the fiber is pumped by a suitable light source. In such a circumstance, light within the same 
bandwidth entering the optical fiber will experience a net gain, and will exit the fiber with 
greater power. One problem limiting the capacity of such systems is that the erbium-doped 



fiber amplifier has a characteristic spectral dependence providing different gains for different 
wavelengths. This spectral dependence poses a problem for multi-channel wavelength division 
multiplexed systems because different gains for different channels would lead to high bit error 
rates in some of the channels. 

Typically, as illustrated by the graph depicted in FIGURE 1, an erbium-doped 
fiber ampUfier gain spectrum has a primary gain peak between 153 1 and 1532 nanometers, a 
subsidiary maximum near 1546 and 1556 nm, and minima around 1538 and 1551 nm. To 
achieve the flat gain spectrum required for broadband optical fiber communications, the 
erbium-doped fiber amplifier can be combined with a component that has a loss spectrum 
shaped to compensate for the wavelength dependence of the amplifier gain. Ideally, a gain 
flattening component should allow matching at any time to any amplifier gain spectrum. 

One approach to this problem has been to incorporate various spectral shaping 
devices into the optical fiber to help flatten the gain spectrum of the erbium-doped fiber 
amplifier. In one approach, a series of uniform long period gratings were formed in an optical 
fiber. Each of the gratings removed certain spectral components of the gain spectrum of the 
erbium-doped fiber amplifier. Unfortunately, flattening the gain spectrum of an erbium 
amplifier in this manner results in a relatively long optical device, on the order of several 
decimeters, which is difficult to manufacture and package. 

In general, there are two basic ways to flatten a gain spectrum of a fiber 
amplifier: one way is to tailor the material properties of the erbium-doped fiber, and the other 
is to use filters designed to approximate the inverse characteristics of the gain spectrum of the 
fiber ampUfier. Because a gain flattening filter requires transmission characteristics of very low 
back reflection and wide band width, long period grating are particularly usefiil. 

As is well known in the art, gratings are formed using grooves or other artifices 
to refi-act light incident upon the grating. These grooves or other artifices are arranged in a • 
repeating pattem that is characterized by a spatial period. In its broadest aspect, a fiber grating 
is composed of altemating regions having differing indices of refraction. 

Long period gratings couple the fundamental mode of transmission of light 
through the fiber with cladding modes, propagating in the same direction. This is 
fundamentally different from Bragg fiber gratings, where the fundamental mode is coupled to 
modes with the opposite direction of propagation. Because the long period grating does not 
produce reflected light, unlike a Bragg grating, the long period grating is especially well suited 
as a spectrally selective attenuator. 



Typically, the excited cladding mode coupled by the long period grating 
dissipates in the coated fiber part of the grating, which results in a resonance loss in the 
transmission spectrum of light passing through the grating region. Normally, over a given 
spectral range, the spectrum of a long period grating has only one pronounced resonance, and 
although changing the parameters of the grating can tailor the shape of the loss spectrum, such 
a grating may be used only to flatten the peak at a single wavelength of the amplifier. Thus, 
to flatten all the peaks in an output spectrum of a fiber amplifier, a series of long period gratings 
must be chained together, or the period or refiractive index modulation along the grating may 
be varied in a single grating. 

For example, in one method, a single long period grating was manufactured by 
introducing a phase shift by adding a length of unperturbed region in the middle of the long 
period grating to produce a resonance loss spectrum having two peaks. In other words, rather 
than having a grating where the perturbed and unperturbed regions are all the same size, at 
some point in the middle of the grating, the unperturbed region was longer. Alternatively, the 
grating may be chirped using methods well known to those skilled in the art. The disadvantage 
of this method, however, is that such gratings are difficult to manufacture, and efficient 
matching of complex spectra may not be possible. 

In another approach, long period gratings may be chained together. One way 
to manufacture a gain flattening filter is to combine a series of long period gratings having 
different fimdamental periods. However, the loss spectrum of each long period grating in the 
series may contain supplementary features, resulting in imwanted phase shift effects within the 
transmitted modes. These phase shifts can alter the transmission spectrum of the gain flattening 
filter and degrade its efficiency. 

In still another approach, three short grating sections, comprising five-fifteen 
periods in length, were separated by long sections of fiber on the order of sixty periods. While 
such an arrangement can be used to flatten the gain of an optical amplifier, the resulting 
structure is long and requires strong modulation of the fiber's refi-active index, on the order of 
greater than 10"'', to achieve the desired effect. 

Yet another approach to flattening the gain of an optical amplifier has been to 
provide a coupler with a grating having a spatially varying period. However, it is difficult to 
control the shape of the resulting spectrum. A modification of this approach has been 
suggested by combining several grating sections having the same period, but each having a 
different effective refi-active index. However, this design is impractical to manufacture because 



it is difficult to control the effective indices with sufficient precision. Manufacturing a filter 
using grating sections having the same index, but different spatial periods, is also difficult. 

One problem with each of the approaches as described above is that they all use 
a long period grating to couple light firom core of the optical fiber into a lossy mode in the 
cladding. This results in loss of the coupled mode into the coating of the fiber. What has been 
needed, and heretofore unavailable, is a mode coupling device capable of coupling between 
guided core mode and guided cladding modes so that the two modes co-propagate. Such a 
device will have a complicated spectral profile that may be employed to flatten the gain of a 
erbium-doped fiber amplifier. Additionally, the device should be easy to manufactxu-e, easy to 
anneal, and suitable for a relatively small package compatible with conraiercial erbium-doped 
fiber amplifiers. The present invention fills these and other needs. 

SUMMARY OF THE INVENTION 

The present invention provides a mode coupling device for use in 
telecommunication networks to flatten the gain of optical amplifiers used in an optical network. 
More specifically, the present invention provides a gain flattening filter including a plurality 
of long period gratings formed in the core of an optical fiber to shift light of unwanted 
wavelengths firom a guided core mode into a guided cladding mode. Such a device is 
particularly usefixl in flattening the gain of a fiber optic amplifier, such as an erbium-doped 
fiber amplifier, to ensure that signals of different wavelengths transmitted in the optical fiber 
have the same power. 

In one aspect of the present invention, the gain flattening filter includes a 
plurality of long period gratings having the same number of periods and refiractive strength 
separated fi"om each other by intervals having a length of less than 10 periods formed in the 
core of an optical fiber. Such a gain flattening filter has been shown to match a target spectrum 
within 0.5 dB, and is usefiil for flattening the spectral response of an erbium amplifier. 

In another aspect of the present invention, the gain flattening filter includes a 
plurality of long period gratings having the same spatial period and separated fi-om each other 
by intervals having a length of less than 10 periods formed in the core of an optical fiber. One 
or more of the intervals may be further processed to adjust the optical length in order to more 
closely match a target spectrum. Gain flattening filters including such fiulher processed 
intervals have been shown to match a target spectrum within 0.05 dB. 



In a further aspect of the invention, a method of determining one or more 
parameters necessary for manufacturing a gain flattening filter according to the present 
invention is provided. Using this method, parameters used during manufacturing of the 
gratings in the fiUer are determined by starting with an initial set of parameters, and then, using 
a computer program, calculating an expected loss spectrum for the set of parameters, adjusting 
the parameters, and calculating another expected loss spectrum until analysis of the loss 
spectrum indicates that the parameters will produce a gain flattening filter having a spectrum 
that closely matches a target spectrum. 

Yet another aspect of the invention provides a method for fine timing the 
spectrum of the gain flattening filter of the present invention. The method includes analyzing 
the spectrum of a gain flattening filter manufactured in accordance with the method described 
previously and determining an additional set of parameters to be used during further processing 
to alter the optical length of one or more intervals separating the gratings formed in the core of 
the optical fiber. The selected intervals are further processed by exposing the selected intervals 
to ultraviolet light to alter the optical length of the interval by changing the refi-active index of' 
the portion of the core of the'fiber where the interval is located. Additionally, the spectrum of 
the gain flattening filter may be monitored while the selected interval or intervals is being 
exposed to the ultraviolet light to determine when the optical length of the interval has been 
sufficiently altered to adjust the phase shift of the fiUer to match the target spectrum. 

Altematively the perturbed regions of the grating and the regions between the 
gratings could be processed with other sources capable of changing the refractive index of 
glass, for example such as C02 laser, femtosecond laser or arc discharge. 

Other features and advantages of the present invention will become more 
apparent firom the following detailed description, taken in conjunction with accompanying 
drawings, which illustrate, by way of example, the principles of the invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 shows the characteristic gain versus wavelength spectrum of a typical 
erbium-doped fiber ampUfier. 

FIG. 2 depicts the design a prior art gain flattening filter in which a series of 
long period gratings couple light into lossy cladding modes. 

FIG. 3 depicts a long period grating in the prior art with variable periods and/or 
index along the grating to achieve a complex spectrum. 

FIG. 4 depicts a filter of the present invention comprising several gratings that 
couple light fi-om the core to the cladding and back. 

FIG. 5 illustrates how a filter can be fine tuned by exposing the filter with UV 

light. 

FIG. 6 is a block diagram illustrating a method for determining the parameters 
of a gain flattening filter according to the present invention. 

FIG. 7 is a block diagram illustrating a method of forming and fine tuning the 
the transmission spectra of the gain flattening filter in FIG. 6. 

FIG. 8 is an example of the transmission spectrum of the gain flattening filter 
according to the present invention of FIG. 4. 

FIG. 9 illustrates a transmission spectrum of the gain flattening filter of the 
present invention depicted in FIG. 5. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention provides a system and method for forming a gain 
flattening filter in an optical fiber. Also provided is a method for analyzing the transmission 
spectrum specified to flatten the gain of a particular amplifier to determine key parameters of 
the desired filter such as number of gratings required, spacing of the grating sections, period 
of each grating and the strength of the gratings as well as a method for forming and fine tuning 
the gratings of the present invention to provide the desired filter characteristics. 

In the following detailed description numerous specific details are set forth in 
order to provide a more thorough understanding of the present invention. However, it will be 
apparent to those skilled in the art to which this invention pertains that the present invention 
may be practiced without these specific details. In other instances, well-known devices, 
methods, procedures, and individual components have not be described in detail so as not to 
obscure aspects of the present invention. 



FIGURE 1 shows the characteristic gain spectrum of an erbium-doped optical 
fiber amplifier. As can be seen, the amplifier has a pair of gain peaks at about 1 530 nm and at 
about 1560 nm. Because of this, a signal having a wavelength at 1530 run will be amplified 
more than a signal having a wavelength of 1 540 run, which would be disadvantageous in many 
telecommunication systems utilizing wavelength division multiplexing. 

FIG. 2 depicts a prior art design of a gain flattening filter formed in an optical 
fiber. In this prior art example, the gain flattening filter is composed of a series of long-period 
gratings 10, 20 formed in the core 30 of optical fiber 40. Optical fiber 40 also includes a 
cladding layer 50 that surrounds the core 30. As depicted in the FIG. 2, long period gratings 
10, 20 have different spatial periods, with each period composed of an unperturbed region 60 
and perturbed region 65 . While only two long period gratings 1 0, 20 are shown in FIG. 2, those 
skilled in the art will be aware that additional gratings could be included in such a device, 
dependent upon the transmission spectrum desired. 

In this prior art device, light 70 exiting an optical amplifier having a spectrum 
such as that illustrated in FIG. 1 is transmitted through fiber 40 and encounters long period 
grating 10. Long period grating 1 0 couples a portion of the Ught 70 into a lossy cladding mode 
which resuhs in dispersion of light 80 into the cladding 50 of fiber 40 and ultimately exiting 
fiber 40. The wavelength of light coupled into the lossy cladding mode is dependent on the 
period and strength of the gratings. The wavelengths of light 70 that are not coupled into the 
lossy cladding mode continue along fiber 40 until they encounter grating 20. At grating 20 an 
additional portion of hght 70, dependent on the characteristics of grating 20, is coupled into 
lossy cladding mode 90. Thus, the overall loss spectrum (dB) of the Ught 100, which may be 
considered the output signal of the prior art gain flattening filter depicted in FIG. 2, is the sum 
of the accumulated losses firom gratings 10, 20. While such a design may provide adequate 
filtering of the light signal transmitted through optical fiber 40 to flatten the transmission 
spectrum of the light in the case of a relatively simple spectrum, the main draw back of this 
design is that many gratings are required to fit a complex loss spectrum, making the device too 
long and too difficult to manufacture and package. 

FIG. 3 illustrates another example from the prior art depicting a long period fiber 
grating whose parameters vary along the length of the fiber. In this example, grating 1 10 is 
formed in the core 120 of optical fiber 130. As before, cladding layer 135 surrounds the core 
120 of optical fiber 130. Grating 110 may be formed in the core 120 to have a continuous 
change of period along the grating. Altematively, the grating may be formed in core 120 
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having multiple sections, each section having a different period or different refractive index. 
In this example, a light signal 150 having an undesirable spectrum encoimters grating 110. 
Depending on the design of grating 110, specific wavelengths of light signal 150 are coupled 
into a lossy cladding mode 140, which ultimately exits the fiber and is lost. Gratings such as 
depicted in FIG. 2, having varying period or index of refraction are difficult to manufacture. 
It is also difficult to design a grating having a varying period to have a desired spectral shape 
and such gratings may not be able to be formed for certain complicated spectrums. 

Referring now to FIG. 4, a gain flattening filter formed in accordance with the 
present invention is illustrated. FIG. 4 depicts a section of optical fiber 310 having a core 
portion 315 surrounded by a cladding layer 320. A series of long period gratings 340, 350, 360, 
and 370 are formed in the core portion 315 of optical fiber 310. While the refractive index 
modulation and the average refractive index are preferably the same for all of the gratings in 
the series, each grating section may have a different length, that is, a different number of 
perturbed and unperturbed regions. Gratings 340, 350, 360, and 370 are separated by intervals 
380, 390, and 400 in the core portion. Intervals 380, 390, and 400 are typically between 0.1-10 
grating periods in width, and preferably, the optimum optical length of the intervals range from 
1 and 2 grating periods in width. It is well known in the art that the optical length of a medium 
depends not only on the physical length of the medium, but is also a fimction of the index of 
refraction of the medium. As will be discussed in more detail below, the precise optical length 
of each interval between the gratings comprising the gain flattening filter of the present 
invention may be tuned to optimize the transmission spectrum of the gain flattening filter. 

Central to the mode of operation of the gain flattening filter of the present 
invention is utilization of gratings, that due to the design of the gratings, couples a light signal 
400 encoxmtering the gain flattening filter of the present invention from the guided core mode 
to a guided cladding mode such that both core and guided cladding modes are co-propagating. 
For example, grating 340 couples light from the core mode 400 of the fiber into guided 
cladding mode 420. Each subsequent grating, couples light from the guided cladding mode 420 
back into the core mode 410 or from the core mode 410 into the guided cladding mode 420. 
This mode of operation differs substantially from that described with reference to the prior art 
in that the fimdamental mode of light transmitted through the core is coupled into a guided 
cladding mode of the fiber rather than into a lossy mode. 

The number of periods of each grating and the optical length of the region 
separating adjacent gratings determines the spectrum of light that exits the filter. A principle 



advantage of this design is that, in practice, it is relatively straight forward to fabricate using 
grating methods well known by those skilled in the art. Alternatively, the fiber grating sections 
of the present invention can be formed in an optical waveguide and coupled between the 
guiding channel and the surrounding medium of the waveguide, so long as the transmission of 
a signal through the filter results in co-propagation of the signal in the guiding channel and 
surrounding media. 

A particularly advantageous aspect of the present invention is that the gain 
flattening filter can be fine tuned to match the filter's loss spectrum to the transmission 
spectrum of an optical amplifier, even when the spectrum of the amplifier is complex. In 
accordance with the present invention, this fine tuning is accomplished by adjusting the optical 
length of the regions between adjacent grating to adjust the spectrum of the grating to match 
the output spectrum of the amplifier. Using the methods of the present invention is has been 
possible to match spectrums to within 0.05 dB, which is difficult, if not impossible, to achieve 
with prior art long period grating gain flattening filters. 

FIG. 5 illustrates how one or more of intervals 530, 540, and 550 of a gain 
flattening filter formed in the core 510 of optical fiber 500 can be adjusted to fine tune the 
transmission spectrum of the filter. The transmission spectrum of the filter is fine tuned by 
exposing one or more of intervals 530, 540, and 550 to ultraviolet Hght 600 of an appropriate 
wavelength for a period of time sufficient to alter the refiractive index of the photosensitive core 
510 of fiber 500 in the location of the selected intervals 530, 540 and 550, therefore altering the 
optical length of these intervals. By properly adjusting the fluence of the ultraviolet light 
delivered to each interval, the individual intervals 530, 540, and 550 may be adjusted to 
optimize the filter spectrum to match the output spectrum of an optical amplifier. 

Referring again to FIG. 5, gratings 560, 570, 580, and 590 may be manufactured 
using methods that are well-known by those skilled in the art to form long period gratings 
within the core 510 of optical fiber 500. Prior art devices incorporating long period gratings 
in the core of an optical fiber have typically been formed using a mask that is positioned 
between the optical fiber and an ultraviolet light source. The photosensitive core of the fiber 
is thus exposed through the cladding or other protective layer of the fiber to light transmitted 
through the mask to form the grating. Using this manufacturing process, however, it is difficult 
to form long period gratings with the accuracy required to closely match the desired loss 
spectrum of the grating to the output spectrum of an optical amplifier. 
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In the present invention, long period gratings are formed one stripe, or perturbed 
region, at a time, using a process known in the art as the step-by-step technique. In this 
method, an optical fiber is mounted in a suitable fixture to hold the fiber. Typically, the 
mounted fiber is then mechanically translated relative to a focused laser beam to form each 
perturbed region. Using a laser of the appropriate wavelength, a section of the optical fiber is 
illuminated with ultraviolet light for a predetermined amoimt of time sufficient to change the 
refi-active index of the region of the core to achieve a grating having a desired refractive index 
profile. A suitable laser would be a C W fi-equency doubled argon-ion laser. Alternatively the 
stripes of the grating having a relatively higher refi-active index and the regions between the 
gratings having a relatively lower refractive index could be processed with other sources 
capable of changing the refractive index of glass, for example such as a C02 laser, femtosecond 
laser or arc discharge. 

The present invention incorporates a method for determining the parameters of 
the various gratings to be incorporated into the gain flattening filter. In accordance with the 
present invention, the procedure for determining the parameters of the gaia flattening filter of 
the present invention necessary to fit the loss spectrum of the filter to the transmission spectrum 
of a specific optical laser amplifier is set forth in FIG. 6. In box 700, the loss spectrum of the 
filter required to flatten the gain of a particular optical amplifier is determined from the output 
spectrum of the amplifier. Typically, the output spectrum of the amplifier will be provided as 
a plot showing the gain of the amplifier at many different wavelengths, such as that illustrated 
in FIG. 1 for an erbium-doped fiber amplifier. It will be understood by those skilled in the art 
that the output spectmm of other types of amplifiers, for example, such as Raman amplifiers, 
semiconductor amplifiers and rare-earth doped fiber amplifiers, even though they may have 
spectral gain and operation wavelengths different from erbiimi-doped laser amplifiers, may 
also be flattened using the gain flattening filter of the present invention. 

Referring again to FIG. 6, data representing the output spectrum of the laser 
amplifier to be flattened may be loaded into a computer program embodying the fitting method 
of the present invention. Once the spectrum to be matched is loaded, an initial set of filter 
parameters that will provide a filter having the desired loss spectrum are entered into the fitting 
program in box 710. 

The initial filter parameters generated in box 710 are then analyzed using 
algorithms embodying the calculations set forth below to determine whether the spectrum of 
a filter incorporating such parameters will match the output spectrum of the fiber amplifier, as 
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shown in box 720. The program, in box 730, then determines whether deviations between the 
loss spectrum of the filter and the output spectrum of the optical amplifier are within desired 
limits. If the filter parameters generated in box 710 are determined to produce a loss spectrum 
that satisfactorily matches the output spectrum of the optical amplifier as entered in the 
program in box 700, then the spectrum fitting procedure is complete and a gain flattening filter 
may be formed in accordance with the filter parameters generated in box 710. 

In the case where the variations between the filters' loss spectrum and the 
amplifiers output spectrum are not within desired limits, the program branches back to box 710, 
and may suggest adjusted parameters for the filter. Altematively, new filter parameters may 
be entered by an operator. Using the adjusted or new parameters, the process then repeats until 
the analysis of filter deviations in box 730 indicates that the filter parameters generated in the 
last iteration of the process provide a gain flattening filter having a calculated loss spectrum that 
satisfactorily matches the specified output spectrum of the amplifier entered in box 700. It will 
be understood by those skilled in the art that although this description identifies the spectrum 
entered in box 700 as the "output spectrum of the optical amplifier", the term is interchangeable 
with the term "specified filter transmission" used in box 700 in FIG. 6. The loss spectrum of 
the filter is the inverse of the transmission spectrum of the filter. 

The processes set forth in FIG. 6 are generally carried out using a computer 
operating software that has been specifically programmed to carry out the desired calculations. 
Altematively, of course, the same calculations may be performed by hand, although they are 
tedious and time consuming. While various methods for calculating the loss or transmission 
spectrums of gain flattening filters from known parameters of the filter may be used, an 
embodiment of the present invention incorporates the following calculations which have been 
is shown to provide filter parameters that may be used to accurately manufacture devices 
embodying the present invention. 

The spectrum of a imiform grating with length L and constant period A can be 
calculated using the coupled mode theory. Assuming and F;„ are the amplitudes of the core 
and cladding modes at the input, the output amplitudes A^^^and y^„, are given by: 

Kut=[cos m-iy/(2prsin 0L)]^X,, + id/(2P)^ sin (PL)* Y,„ 
id/(2prsin (PirX,^ + [cos (PL)-iy/(2prsin (PL)]* Y,,^ 

where 

d = coupling coefficient. 
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y = 2k/A- (k^- ky) ' detuning of core and cladding wavevectors from the 

resonance, and 

Detuning parameter y can be approximated with a second-order polynomial function of 
wavelength A: 

y = a,^(X-Xo^^a,UX-Xf^ 
where is the resonance wavelength of the grating and coefficient and a2 may be found 
experimentally. 

The transmission spectrum T (X) is calculated by using a unit intensity of 
light in the core mode and no light in the cladding mode at the input, and rejecting the 
cladding mode at the output: 

^„ = A Y,„ = 0 

T(X)= \X,J' 

When imiform gratings are stacked together with phase shifts between 
them, the calculation of the total transmission spectrum is as follows: 
Xj, = YJ'> = 0 



V = V ^^'^^ V ^"^ = V ^"'^>* /pvn AV/j ) 

-X^f-\ = Y„^r' exp (i<p,J 

T(X)= \x^^r I ' 

Referring now to FIG. 7, a method of forming and fine tuning the long period 
gratings of the present invention is set forth. The procedure for forming the long period 
gratings of the present invention is broken down into two general phases. In the first phase, as 
indicated by the process set forth in box 800, the long period grating of the present invention 
is formed in the optical fiber. Using the parameters calculated as set forth above, the optical 
fiber is exposed to light at an appropriate wavelength, generally ultraviolet light, in box 805. 
During this exposure individual perturbed areas of the optical fiber are written into the fiber in 
order to form the grating. Typically, this exposure is accomplished by moxmting the optical 
fiber in a suitable fixture and mechanically translating the optical fiber relative to a finely 
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focused laser beam of an appropriate wavelength. In this manner, the photosensitive core of the 
fiber may be illuminated such that the grating is formed stripe by stripe. The strength of the 
grating is determined by the difference in refi"active index between the high and low index 
regions. 

It has been found to be advantageous to expose the optical fiber to only a 
fi-action of the calculated exposure necessary to form to the finished grating. This allows the 
grating to be annealed in step 810, followed by computer analysis of the strength and 
transmission spectrum of the grating. This analysis is carried out using methods well known 
to those skilled in the art of characterization of the optical properties of long period gratings. 

Due to the inherent difficulty and inaccuracies in writing gratings using an 
extemal ultraviolet source, the computer analysis of box 8 1 5 is particularly usefiil in preventing 
wastage of optical fiber, in that it is more efficient and less costly to under shoot on the 
strengths of the grating at particular wavelengths so that the grating may be adjusted with 
fiirther exposure to the ultraviolet light source. Accordingly, if the analysis carried out in box 
815 indicates that the formed grating or gratings requires additional exposure to provide the 
desired transmission spectrum of the gain flattening filter, the parameters for laser duty cycle 
and ultraviolet light fluence required to produce a filter having the desired spectrum are 
calculated in box 820. After the process parameters are determined, the fiber is again 
illimunated by ultraviolet light as in box 805 in accordance with those process parameters. As 
indicated by the block diagram shown in box 800, this process is repeated until the spectrum 
of the grating is of the desired strength and wavelength. 

Once the grating has been written into the optical fiber, the second phase of the 
manufactxxring process may be carried out, as depicted in box 900 in FIG. 7. In this phase, the 
long period fiber grating gain flattening filter of the present invention is analyzed in box 905 
to determine whether adjustments need to be made in the gratings of the filter to alter the 
strength and phase shift of each grating to ensure that the loss spectrum of the grating matches 
the desired output spectrum of the fiber amplifier. 

In box 910, the fluence, or required illumination, of ultraviolet light necessary 
to adjust the intervals between the gratings to provide the desired phase shift correction, as well 
as the time required to anneal the grating using methods well known in the art, such as exposing 
the filter to heat or light or other means to provide the appropriate spectrum are determined. 
After the fluence and annealing duration are determined in box 910, the optical fiber is carefully 
illuminated with ultraviolet light in box 915 in accordance with the fluence determined in step 
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910 by illuminating the particular intervals between the gratings that require alteration to 
provide the desired phase shift. 

After the appropriate intervals between grating sections have been adjusted in 
box 9 1 5 in accordance with the determinations carried out in box 9 1 0, the gain flattening filter 
of the present invention is aimealed in box 920 using methods well known by those in the art. 
After annealing step 920 is completed, the loss spectrum of the gain flattening filter is 
determined in box 925. If the spectnmi of the gain flattening filter meets the required 
specifications, then the process is completed and the gain flattening filter is ready for 
packaging. In the event, however, that the spectrum of the gain flattening filter does not fall 
within the desired specifications, fiirther analysis of the phase shift and grating strength of the 
gain flattening filter may be carried out as set forth in box 905, and the process repeated until 
the optical characteristics of the gain flattening filter are optimized. The following examples 
illustrate the present invention. 

Example 1 

An optical fiber having a photosensitive core and sized to provide single mode 
transmission was exposed to a square wave pattem of UV light from a CW fi-equency doubled 
argon-ion laser running at a 50 percent duty cycle. The filter consisted of four adjacent gratings 
sections formed in the optical fiber. Each of the grating sections had a period of 258 microns. 
The lengths of the four grating sections were 24, 58, 37, and 22 periods, respectively. The 
intervals between adjacent grating sections were 1.40, 1.13, and 1.67 periods respectively. The 
resulting output spectrum and target filter data for the fiber of this example is shown in FIG. 
8. As can be seen fi-om FIG. 8, the resulting spectrum of the gain flattening filter formed in the 
optical fiber was within plus/minus 0.2 dB of the target spectrum. 

Example 2 

A long period grating gain flattening filter in accordance with the present 
invention was formed in a single mode optical fiber having a photosensitive core by exposing 
an section of optical fiber to a square wave pattem using UV light fi-om a CW frequency 
doubled argon-ion laser running at a 50 percent duty cycle. In this example, the filter consisted 
of five gratings sections with each grating section having a period of 267 microns. The lengths 
of the five sections were 15, 66, 21, 8, and 11 periods, respectively. The intervals between 
adjacent sections of the gain flattening filter of Example 2 were 1.62, 1.32, 1.39, and 1.63 
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periods. The total length of the gain flattening filter was approximately 33 millimeters. In this 
example, the optical lengths of the intervals between adjacent gratings were trimmed by 
exposure to ultraviolet light using the method set forth above. The resulting spectrum of the 
gain flattening filter of Example 2 is illustrated in FIG. 9. As can be seen fi-om FIG. 9, the 
spectrum of the filter manufactured and tuned in accordance with methods set forth in the 
discussion of FIGS. 6 and 7 above was within plus/minus 0.05 dB of the target spectrum. 

The gain flattening filter of the present invention incorporating long period 
gratings that are capable of being fine tuned to match a desired target spectrum may be 
manufactured using the methods described herein. The filter will be completed with a better 
match to the desired spectrum and with reduced costs than with prior methods. One advantage 
of the methods of the present invention is that the long period gratings may be manufactured 
using methods well known in the art to form gratings within the core of a photosensitive fiber. 
The methods are particularly advantageous in that they allow for fine tuning of the long period 
gratings after they are formed in the photosensitive core of an optical fiber to correct for any 
phase shifts inaccuracies that may have occurred during manufacturing. The methods are 
particularly advantageous in that, using the calculations set forth, a gain flattening filter may 
be designed having a spectrum that is very close to a desired target spectrum. Using the 
methods of the present invention to fine time the spectrum of the gain flattening filter allows 
for a degree of matching of filter and target spectrums that has heretofore been unavailable. 

The gain flattening filters and the methods of this invention are especially well- 
suited for manufacturing gain flattening filters in optical fibers or optical waveguides for use 
in telecommunication networks. The gain flattening filters and methods of this invention use 
currently known manufacturing techniques and do not require special set-up or processing such 
as is required in long period gratings utilizing varying period or varying refi"active index, as set 
forth in the prior art. 

While several specific embodiments of this invention have been illustrated and 
described, it will be apparent that various modifications can be made without the departing 
fi-om the spirit and scope of the invention. Accordingly, it is not intended that the invention be 
limited, except as by the appended claims. 



